Adaptive transcriptional responses to oxygen deprivation (hypoxia) are mediated by the hypoxia-inducible factors (HIFs), heterodimeric transcription factors composed of two basic helix-loop-helix-PAS family proteins. The transcriptional activity of HIF is determined by the hypoxic stabilization of the HIF-␣ proteins. HIF-1␣ and HIF-2␣ exhibit high sequence homology but have different mRNA expression patterns; HIF-1␣ is expressed ubiquitously whereas HIF-2␣ expression is more restricted to certain tissues, e.g., the endothelium, lung, brain, and neural crest derivatives. Germ-line deletion of either HIF subunit is embryonic lethal with unique features suggesting important roles for both HIF-␣ isoforms. Global deletion of Hif-2␣ results in distinct phenotypes depending on the mouse strain used for the mutation, clearly demonstrating an important role for HIF-2␣ in mouse development. The function of HIF-2␣ in adult life, however, remains incompletely understood. In this study, we describe the generation of a conditional murine Hif-2␣ allele and the effect of its acute postnatal ablation. Under very stringent conditions, we ablate Hif-2␣ after birth and compare the effect of acute global deletion of Hif-2␣ and Hif-1␣. Our results demonstrate that HIF-2␣ plays a critical role in adult erythropoiesis, with acute deletion leading to anemia. Furthermore, although HIF-1␣ was first purified and cloned based on its affinity for the human erythropoietin (EPO) 3 enhancer hypoxia response element (HRE) and regulates Epo expression during mouse embryogenesis, HIF-2␣ is the critical ␣ isoform regulating Epo under physiologic and stress conditions in adults.
H
ypoxia-inducible factors (HIFs), members of the basic helix-loop-helix (bHLH)-PAS family of transcription factors, are master regulators of oxygen (O 2 ) homeostasis and stimulate genes important for angiogenesis, erythropoiesis and glucose metabolism (1) (2) (3) . HIFs are heterodimeric factors consisting of ␣ (HIF-1␣, -2␣, and -3␣) and ␤ subunits [HIF-1␤ or ARNT (arylhydrocarbon-receptor nuclear translocator)]. The activity of HIF is regulated via the labile ␣ subunit, whereas HIF-␤ is expressed constitutively. At normal O 2 levels (Ն5% or 36 mmHg) HIF-␣ is hydroxylated by prolyl hydroxylases (PHDs), allowing recognition by the tumor suppressor protein von Hippel-Lindau (pVHL), and targeting for proteosomal degradation (4) (5) (6) . Under conditions of low O 2 (Ͻ 5%), HIF-␣ is no longer degraded, and translocates into the nucleus where it forms a heterodimeric transcription factor with ARNT. HIF activates the transcription of Ͼ150 target genes by binding to HREs in their promoter/enhancer regions (7) . The closely related HIF-1␣ and HIF-2␣ proteins activate common target genes (e.g., VEGF) but also regulate unique genes, such as glycolytic genes [glucose transporter 1 (Glut-1) and phosphoglycerate kinase (PGK)] or TGF-␣ and the stem cell factor Oct-4, respectively (8) (9) (10) 35) . The regulation of different target genes might be due to distinct ␣ subunit expression patterns, as HIF-1␣ mRNA seems to be expressed ubiquitously whereas HIF-2␣ mRNA expression is more restricted to endothelial cells, the mesenchyme of the lung, and neural crest derivatives during development (11, 12) . Immunohistochemical analysis of HIF-2␣ in adult rat organs also demonstrated hypoxic stabiliziation of HIF-2␣ in distinct cell populations in the brain, heart, lung, kidney, liver, pancreas, and intestine (13) . HIF activity is essential during embryogenesis as deletion of Arnt, Hif-1␣, and Hif-2␣ in murine models leads to embryonic lethality (14) (15) (16) (17) (18) (19) (20) (21) (22) . The phenotype of Hif-2␣ Ϫ/Ϫ embryos ranges from embryonic lethality between embryonic day (E) 9.5 and E13.5 because of vascular disorganization in the yolk sac and embryo (19) , mid-gestational lethality because of bradycardia (17) and perinatal death as a result of defects in lung maturation (18) . The variable phenotypes observed are likely due to modifier loci in different mouse strains. These results clearly demonstrate an important role for HIF-2␣ during embryogenesis and shortly after birth. The role of HIF-2␣ in the adult, however, has not yet been fully described.
Scortegagna et al. (23) obtained a small number of Hif-2␣
Ϫ/Ϫ mice that survived until adulthood by generating a unique background in the F 1 generation of C57/Black6 and 129 interbred heterozygotes. These mice suffer from multiple organ pathologies, impaired homeostasis of reactive oxygen species (ROS), metabolic abnormalities, mitochondrial distress syndrome, and pancytopenia. However, as a result of strain dependent influences on Hif-2␣ mutant phenotypes, it is possible that some of the findings described in this study are due to additional loci other than Hif-2␣ or the impairment of mitochondrial metabolism.
To investigate the adult role of HIF-2␣ in a controlled fashion, we generated a conditional allele of Hif-2␣. By crossing this allele to a ubiquitously expressed, inducible Cre transgene (UbcCreER T2 ) we ablated Hif-2␣ postnatally, allowing us to investigate the physiologic role of HIF-2␣ in the adult while excluding possible secondary effects because of the lack of HIF-2␣ during embryogenesis. This study describes the role of HIF-2␣ in ensuring proper adult erythropoiesis and the development of anemia when HIF-2␣ is depleted. Acute deletion of Hif-2␣ resulted in reduced red blood cell numbers, hemoglobin and hematocrit values. Furthermore, the potential of bone marrow progenitors to form erythroid colonies in vitro was reduced in Hif-2␣ mutant animals. We also deleted Hif-1␣ in adults using the inducible Cre system. Surprisingly, we determined that HIF-2␣, and not HIF-1␣, is the critical HIF complex regulating erythropoietin expression in vivo under both physiologic and stress conditions. DNA binding bHLH domain with loxP sites [for details, see supporting information (SI) Materials and Methods]. Briefly, the targeting vector shown in Fig. 1A was electroporated into murine ES cells and clones were isolated subsequent to G418/ gancyclovir selection. Properly targeted ES cells were confirmed by Southern blot analysis by using a probe within the endogenous locus. A 3-loxP clone was injected into blastocysts. After germline transmission, a 3-loxP founder was crossed to an E2A Cre line (24) to obtain 2-loxP mice referred to as Hif-2␣ fl/fl . These mice appear normal and are unaffected by the introduction of the two loxP sites. In addition, recombined Hif-2␣ embryos, referred to as Hif-2a ⌬/⌬ , resemble the germ-line knockout and are embryonic lethal. More precisely, no live born Hif-2a ⌬/⌬ pups were recovered from Hif-2␣ fl/⌬ inter-crosses; however, all three genotypes were detected at Mendelian ratios at E13.5 (data not shown). As expected Hif-2␣ fl/⌬ mice are viable and healthy.
Postnatal Deletion of Hif-2␣. As stated above, Hif-2a ⌬/⌬ pups died during gestation. To investigate the effects of Hif-2␣ deletion postnatally we used an inducible ubiquitously expressed Cre transgene (Ubc-Cre). This Cre-ER T2 transgene is expressed from the human Ubiquitin C promoter (Y. Ruzankina, C. Pinzon-Guzman, A. Assare, T. Ong, L. Pontano, G. Cotsarelis, V. P. Zediak, M. Velez, A. Bhandoola, and E. J. Brown, personal communication) encoding the Cre protein fused to a modified form of the estrogen receptor that specifically binds tamoxifen with high affinity and is inactive until tamoxifen is administered to the mouse (25) . Cre-ER T2 recombinase was activated in adult mice at 6-8 weeks of age by administering tamoxifen through oral gavage. Recombination events occurred with some variability, ranging from 60% to 90% deletion (see Fig. 2D ). To obtain reproducible and uniform recombination efficiency and delete Hif-2␣ earlier in life, we also administered tamoxifen to nursing mothers starting at 3 days postpartum. DNA from tailclippings at weaning (3-4 weeks of age) showed that recombination at this early age is highly efficient and in most cases leads to almost 100% deletion. A representative litter from a 7) . Southern blot analysis of DNA obtained from various organs demonstrated that recombination occurs in all organs analyzed (brain, heart, kidney, liver, lung) at approximately the same efficiency. Fig. 1C shows the analysis for kidney, liver and lung samples. In addition to the genomic locus, we analyzed mRNA transcripts expressed by the recombined allele. As shown in Fig. 1D , RT-PCR analysis of kidney and liver mRNAs revealed that, no full-length RNA was transcribed in Hif-2a ⌬/⌬ mice. In contrast, full-length mRNA and mRNA lacking exon 2 were both transcribed in Hif-2␣ fl/⌬ mice, and Hif-2␣ fl/fl mice expressed only full-length mRNA. We also investigated the recombination efficiency by crossing the Ubc-Cre transgene to a ROSA26 reporter strain (26) . Staining for ␤-galactosidase activity in the brain, kidney and liver (Fig. 1E ) confirmed the positive loop-out observed by Southern blot and RT-PCR analysis.
Postnatal Ablation of Hif-2␣ Results in Anemia.
To investigate the role of HIF-2␣ in adult mice we acutely deleted Hif-2␣ at 6-8 weeks of age. Genotyping was performed 2 weeks later to confirm that the recombination event had occurred (Fig. 2D) . Whole blood cell analysis performed 2 months after Cre activation showed that red blood cell numbers, hematocrit values and hemoglobin levels were decreased in Hif-2a ⌬/⌬ mice ( number, hemoglobin, and hematocrit value to the degree of Hif-2␣ deletion suggests a dosage effect of HIF-2␣ on red blood cell number and hemoglobin levels. Mice were divided into three groups: (i) high deletion efficiency (n ϭ 5) (90-100% Hif-2␣ recombination), (ii) medium deletion efficiency (n ϭ 7) (75% recombination), and (iii) low deletion efficiency (n ϭ 3) (50% recombination, resembling a heterozygous animal) and compared with Hif-2␣ fl/fl and Hif-2␣ fl/⌬ littermates (n ϭ 15) (Fig. 2D ). Spun hematocrit analysis performed on blood from mice that had Hif-2␣ deleted as young pups (Fig. 1B) shows a 32% decrease in mutant hematocrit levels (n ϭ 10) compared with Hif-2␣ fl/⌬ mice (n ϭ 11) (Fig. 2G ). For comparison, we also analyzed the hematocrit levels of Hif-1␣ ⌬/⌬ mice (27) , which, in direct contrast to Hif-2␣ deletion, does not lead to anemia (Fig.  2H ). Blood smears from Hif-2a ⌬/⌬ mice did not exhibit any abnormalities compared with Hif-2␣ fl/⌬ animals and haptoglobin levels in the serum were not reduced (SI Fig. 6 ). Reticulocyte numbers, however, were decreased in Hif-2␣ ⌬/⌬ animals (data not shown), which is consistent with hypoproliferative anemia and all together excludes red blood cell lysis as an explanation for the anemia observed in Hif-2a ⌬/⌬ animals. formed Ϸ50% fewer BFU-E and CFU-E colonies than Hif-2␣ fl/⌬ bone marrow (Fig. 3A) . On the contrary, progenitors from mutant spleens formed more BFU-E and CFU-E colonies compared with Hif-2␣ fl/⌬ spleens (Fig. 3B ). This progenitor defect is also specific to the erythroid lineage, because CFUgranulocyte (G), CFU-macrophage (M) and CFU-GM numbers were not significantly changed in cultures obtained from mutant bone marrow cells grown in methylcellulose containing stem cell factor, IL-3, IL-6, and EPO (Fig. 3C ). In addition, we performed FACS analysis of bone marrow and spleen cells using Ter119 and CD71 (transferrin receptor) as markers for maturing erythroid progenitors. CD71 is expressed on immature erythroid progenitors, which then develop into CD71 and Ter119 double positive cells and finally Ter119 single positive cells, which are mature erythroids. Gating on the CD71 ϩ /Ter119 ϩ population revealed fewer precursor cells in the bone marrow and a greater percentage of double positive cells in the spleen of Hif-2a ⌬/⌬ mice (Fig.  3 D and E) , consistent with our result obtained in colony formation assays. (28) (29) (30) . We investigated whether Hif-2a ⌬/⌬ mice were capable of inducing EPO levels in response to stress induced erythropoiesis. Phenylhydrazine (PH), an oxidizing agent that induces severe hemolysis, was injected i.p. for 2 consecutive days to deplete the animals of their red blood cells and induce erythropoiesis. On day 3, hematocrits of all manipulated mice were reduced to 50% of their original value. Hif-2␣ fl/fl and Hif-2␣ fl/⌬ animals started with a hematocrit of 45-50% which was reduced to 20-25%. Hif-2a ⌬/⌬ mice exhibited a hematocrit of 28-39% before treatment and 13-20% on day 3. As a result of active erythropoiesis, we also observed an increase in the spleen-to-body weight ratio in Hif-2␣ fl/⌬ animals (0.4-0.7%, n ϭ 6). Hif-2a ⌬/⌬ spleens were already larger (0.5%, n ϭ 6) and PH treatment did not lead to additional growth of these organs (0.55%, n ϭ 6) (Fig. 4A) . Next, EPO levels in the serum were analyzed by ELISA. Whereas there were extremely low levels of circulating EPO in the serum of untreated WT mice, PH treatment leads to a drastic increase in EPO levels, from Ϸ150 pg/ml in untreated animals to 16,000 pg/ml in those treated with PH (n ϭ 4) (Fig. 4B) . Hif-2␣ fl/⌬ mice (n ϭ 5) exhibited significant EPO induction, however not to the extent of WT levels. In contrast, Hif-2a ⌬/⌬ mice (n ϭ 6) showed a much weaker EPO induction in response to PH treatment, suggesting an important role for HIF-2␣ in Epo regulation during stress (Fig. 4B) . Hif-1␣ deletion (n ϭ 3), however, does not alter EPO induction (Fig.  4C) , suggesting that HIF-2␣ is the primary HIF-␣ isoform necessary for stress-related Epo gene regulation in vivo. We also examined circulating VEGF levels by ELISA after PH treatment, but found no genotype specific differences in induction (n ϭ 5) under these stress conditions (SI Fig. 7) . To further investigate HIF-2␣ specific Epo regulation we performed rescue experiments with injections of physiologic levels of exogenous human EPO on Hif-2␣ fl/⌬ and anemic Hif-2a ⌬/⌬ animals. This treatment lead to an increase in RBCs, hemoglobin and hematocrit after 1 week and elevation to normal levels after 2 weeks. Fig. 4D shows the increase in hematocrit over time.
Deletion of Hif-2␣ Leads to Decreased Potential of Progenitor Cells to

Stress Induced Activation of Erythropoietin Requires Hif-2␣. HIF has been strongly implicated in regulating Epo expression in vivo and in vitro
In Vitro Induction of Epo by HIF-1␣ and HIF-2␣. To further investigate the role of HIF-1␣ and HIF-2␣ in activating Epo transcription we used siRNA to ''knockdown'' HIF-1␣ and HIF-2␣ mRNA and protein expression in Hep3B cells, human hepatocytes expressing both HIF-1␣ and HIF-2␣ which produce EPO (8, 29, 31) . HIF-1␣ and HIF-2␣ mRNA levels were assessed 36 h after siRNA transfection by Q-PCR. Each siRNA is specific for its HIF-target and resulted in Ϸ80-90% mRNA knockdown (data not shown). Untransfected cells, and cells transfected with control siRNA accumulated HIF-1␣ and HIF-2␣ protein when cultured at 1.5% O 2 (Fig. 5A, lanes 2 and 4) . HIF-1␣ siRNA specifically depletes HIF-1␣ protein (lanes 6 and 10), whereas HIF-2␣ siRNA only depletes HIF-2␣ (lanes 8 and 10). To investigate EPO induction, cells were cultured at 1.5% O 2 for 16 h, and mRNA levels were assessed by using Q-PCR. Hypoxic culture conditions resulted in a 55-fold induction of EPO mRNA transcripts. HIF-2␣ knockdown severely reduced hypoxic EPO induction by Ϸ10-fold, whereas HIF-1␣ knockdown resulted in a moderate decline. This remaining induction might be due to incomplete knockdown of HIF-2␣. HIF-1␣ and HIF-2␣ knockdown in combination almost completely abolished the induction of EPO transcription, suggesting a cumulative effect of HIF-1␣ and HIF-2␣ on EPO transcription (Fig. 5B) . We also performed a gain of function experiment transfecting Hep3B cells with increasing concentrations of cDNA encoding a mutated form of HIF-1␣ and HIF-2␣. In this triple mutant (''TM'') isoform the asparagine in the transactivation domain and the two proline residues in the oxygen dependent degradation (ODD) domain have been mutated to alanine, thus rendering it constitutively stable and functional under normoxia. As shown in Fig. 5C , overexpression of exogenous, stabilized HIF-1␣ in vitro potently induced EPO mRNA expression. Interestingly, HIF-2␣ overexpression also increased expression of EPO RNA, although not as strongly as HIF-1␣. Fig. 5D shows the corresponding levels of over-expressed HIF protein. These data confirm previous results that HIF-1␣ is a very potent activator of EPO transcription when expressed exogenously (29) , but indicates that under physiologic conditions, HIF-2␣ is the dominant HIF-␣ isoform regulating EPO expression.
Discussion
Germ-line deletion of Hif-2␣ demonstrates a crucial function for this transcription factor during embryogenesis associated with a variety of phenotypes (17) (18) (19) . Because of embryonic lethality, the role of HIF-2␣ in the adult remains largely unknown. Previous studies suggest a role for HIF-2␣ in the bone marrow microenvironment during hematopoiesis and that treatment of these pancytopenic mice with exogenous EPO could reverse the hematopoietic phenotype (30, 32) .
In an attempt to obtain insight into the postnatal role of HIF-2␣ through acute deletion, we generated a conditional Hif-2␣ allele by flanking exon 2 with loxP sites. After crossing the Hif-2␣ fl/fl allele to an inducible, ubiquitously expressed Cre transgene (Ubc-Cre-ER T2 ) we acutely ablated Hif-2␣ in pups shortly after birth, thereby overcoming embryonic lethality and avoiding complex pathologies observed in live-born Hif-2␣ Ϫ/Ϫ F 1 mice. We activated the Cre transgene as early as 3 days after birth which led to efficient deletion at the genomic locus and inhibited full length Hif-2␣ mRNA transcription in all organs investigated. This acute loss of HIF-2␣ resulted in severe anemia which correlated with loop-out efficiency. By deleting Hif-2␣ shortly after birth we obtained a 32% drop in hematocrits compared with WT animals. Of note, exogenous EPO rescued this phenotype. The anemia was specific to Hif-2␣ loss because Hif-1␣ deletion did not alter hematocrits. The potential of Hif-2a ⌬/⌬ bone marrow and spleen progenitor cells to differentiate into erythroid colonies in vitro displayed a bone marrow progentior defect to form BFU-E and CFU-E colonies, but an increase in colonies formed by splenic cells. These results suggest a role for HIF-2␣ in adult erythropoiesis in the bone marrow and a potential compensatory function of the spleen in Hif-2a ⌬/⌬ animals. This possibility is consistent with the observation that Hif-2a ⌬/⌬ spleens are slightly larger than WT spleens.
Challenging the animals with phenylhydrazine (PH) allowed us to further investigate the role of HIF-2␣ during erythropoiesis. HIF-2␣ has a critical function in red blood cell development by activating Epo transcription. Hif-2a ⌬/⌬ mice displayed a much weaker induction of circulating EPO levels in response to PH than Hif-2␣ fl/fl animals. As acute loss of Hif-1␣ after birth does not interfere with Epo induction, these data suggest that HIF-2␣ is the dominant HIF-␣ isoform controlling EPO levels in the adult animal. This idea is further supported by the observation that Hif-2␣ and Epo are expressed in renal interstitial cells, whereas Hif-1␣ is predominantly expressed in the tubular cells of the kidney (13, 30, 33, 34) . In addition to HIF-2␣'s role in regulating physiologic Epo expression, HIF-2␣ also regulates Epo in livers lacking pVHL (36) . This observation contrasts with the recently described role for HIF-1␣ to regulate Epo expression in the embryo (28) . Our in vivo observation is further supported by in vitro data obtained after siRNA knockdown of either isoform in Hep3B cells. HIF-1␣ knockdown has only a small effect on EPO transcription compared with the major reduction of EPO mRNA levels observed after HIF-2␣ inhibition. Over-expression of exogenous, stabilized HIF-1␣ and HIF-2␣ confirmed the previously published result for HIF-1␣ to induce Epo mRNA expression in vitro (29) , whereas HIF-2␣ is strikingly less active in these assays. Interestingly, even though HIF-1␣ was identified because of its ability to bind to the human EPO 3Ј enhancer (31), HIF-2␣ is the important HIF-␣ subunit responsible for Epo regulation in vivo.
By generating a conditional allele of murine Hif-2␣, we were able to investigate the effect of acutely deleting Hif-2␣ after birth, and examine the specific physiologic role of HIF-2␣ during adulthood in a controlled manner. In addition to our findings that HIF-2␣ regulates adult erythropoiesis we have also shown that it is the important HIF-␣ subunit regulating EPO in vivo during stress. We did not observe any of the other previously described pathologies (23) in our acute model system, suggesting that these phenotypes may be a result of the mitochondrial defects exhibited by F 1 mice. Furthermore, we have created a useful tool for studying the function of HIF-2␣ in other physiologic and pathologic situations in adulthood.
Materials and Methods
Generation and Analysis of Mice. Cre-mediated recombination between the loxP sites in the 2-loxP allele produces the 1-loxP allele, which lacks exon 2 and produces a mutant mRNA transcript containing multiple in-frame stop codons downstream of exon 1 sequences. The WT, 2-loxP, and 1-loxP allele can be distinguished by a multiplex PCR [primer (P) 1: 5Ј-CAGGCAG-TATGCCTGGCTAATTCCAGTT-3Ј; P2: 5Ј-CTTCTTCCAT-CATCTGGGATCTGGGACT-3Ј; P3: 5Ј-GCTAACACTG-TACTGTCTGAAAGAGTAGC-3Ј]. The WT allele produces a 410-bp fragment (P1 and P2), the 2-loxP allele produces a 444-bp fragment (P1 and P2), and the 1-loxP allele produces a 340-bp fragment (P1 and P3).
Genotyping for Hif-1␣, Ubc-Cre-ER T2 and ROSAlacZ has been described (26, 27) AGGACT-3Ј; HIF-2␣ F, 5Ј-TACAAGGAGCCCCTGCT-TC-3Ј; HIF-2␣ R, 5Ј-TGCTGGATTGGTTCACACATG-3Ј; EPO F, 5Ј-TTCGCAGCCTCACCACTCT-3Ј; and EPO R, 5Ј-GAGATGGCTTCCTTCTGGGC-3Ј. The following primers were used as control to normalize RNA levels: ␤-ACTIN F, 5Ј-GCCCTGAGGCACTCTTCCA-3Ј; and ␤-ACTIN R, 5Ј-AT-GCCACAGGACTCCATGC-3Ј.
The following protocols can be found in SI Materials and Methods: RNA preparation, blood analysis, CFU assays, flow cytometry, Western blot analysis, ␤-galactosidase staining, and statistical analysis.
